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Chapter 4 Four Fundamental Interactions

The forces of gravity and electromagnetiara familiar ineverydaylife. Two new
forces are introducedwhen discussingnuclear phenomena: thetrong and weak
interactions When two protonsencounter eaclother, they experiencall four of the
fundamentalforces of nature simultaneouslyhe weak forcegovernsbeta decay and
neutrino interactions with nuclethe strong force, which weenerallycall the nuclear
force, isactually the forcahat binds quarkgogether to formbaryons (3 quarks) and
mesons (a quark and an anti-quarkhe nucleons of everyday matter, neutrons and
protons, consist ofthe quark combinationsiud and udd, respectively.The symbol u
represents a single up quark, while the syndlbelpresents a single down quark.

The force that holds nucleons together to fornatmmicnucleuscan bethought to
be a residual interaction betweguarks insideeach individuahucleon. This is analogous
to what happens in a moleculehe electrons in an atom al®und to its nucleus by
electromagnetismwhen two atoms are relativelynear, there is a residual interaction
between the electron clouds that can form a covalent bond. The nucleus can thus be thought
of as a “strong force molecule.”

The force between two objects can be described as the exchange of a particle. The
exchange particle transfers momentum and energy betweénalabjects, and is said to
mediate thenteraction. A simple analogue of this isball beingthrown back and forth
between two people. The momentum imparted to the ball byers®n gets transferred to
the other person when she catches the ball.

The potential energy associategth each force acting betwedwo protons is
characterized by both the strength of the interaction and the range over which the interaction
takes place. In each case the strength is determined by a coupling constta,rande is

Table 4-1.Strength and range of the folundamental forces betweéwo protons Note that the strong
force acts between quarks by an exchange of gluonsteBitialstrongforce betweernwo protonscan be
described bythe exchange of aeutralpion. Note, the Wis notincluded as an exchangarticle for the
weak interaction because it is not exchanged in the simplest proton-proton interaction.

Interaction Gravity | Weak Electro- Strong
magnetism

Residual
Exchange particle | Graviton | 72 Photon Pion
Mass 0 91x10 0 135 x 16
mc? (eV)
Coupling constant | 1.87x10* | 3.22x10** 2.31x10%® 2.5 x10*
C? (3 - m)
Range 00 2 x 10 0 1.5 x 10*°
(m)
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characterized by the mass of the exchanged particle. The potemrgly,U, between two
protons a distanaeapart is written as

2
U] :CTexp(—r /R)1

whereR is the range of the interaction, a@4, is thestrength ofthe interaction. Ineach
case the interaction is due to the exchangsoofie prticle whose massletermined the
range of the interactio® = h/mc The exchanged particle is saidnediatethe interaction.

Table4-1 shows aomparison betweetihe couplingconstants and ranges of the
four forces acting between two proto#dthough the gravitorhas notyet beenobserved,
it is thoughtthat there is an exchange particle associat#ia gravity andthat eventually
gravity will be described in a unified theory with the other three forces of nature.
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Fig. 4-1. A representation of the strong force. Depending on the complexity of the problem, scientists use
different formulations.

The range of the gravitational and electromagnetic forces is infinite, while that of the
strong and weak forces is vesfiort. Also,the strength ofthe interactiordepends on the
separation between titwo protons.Both gravitation and eleacmagnetism are of infinite
range and their strengths decrease as the separatramgases—falling off a&/r>. On the
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otherhand,because the exchange partides the strong and weak forcdsave a large
mass, the force associated with them is zero outside of a short range.

Note that the strong force between two protons is a residual interddteguarks
inside thenucleons iteractthroughthe exchange ofluonsthat carry a quantum number
called “color” (i.e., a “color-neutral” objectdoes notfeel the strong force,like an
electrically neutral object does not feel electromagnetism). Fijdrshowsthree different
ways that the strong force can be viewed.

The theory ofstrong interactions amongjuarks and gluons isalled Quantum
Chromodynamic$QCD). A very successful odel of describing this residual force is by
the exchange of tha (pi) meson, or pionThis descriptiondating back to thevork of
Yukawa in the 1930s, works extremely well except at very short distances,gameially
used to describe most tife properties of complexruclei. Exactly atwhat distance inside
the nucleus, or correspondingly at whedlues of momentuntransferred between the
nucleons, the pion exchange model breaks down is the subject of much current research in
nuclear physics. It ispresently thoughthat this transition occurs somewhere around
momentum transfers of 1 GeV/c.
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